Abstract-This paper focuses on Point-to-Point LoRa connections. We report on coverage measurements performed in three distinct environments, i.e., coastal, forest and urban. Our field experiments demonstrate coverage up to 1 km with antennas at only 1.5 m height in an urban scenario. In free Line-of-Sight (LoS) this coverage is extended to 4 km. Based on these results, we are developing a path loss model in future work. The developed hardware and software including measurements are open-source.
I. INTRODUCTION AND STATE OF THE ART
Long Range (LoRa) technology in an interesting candidate to connect Internet of Things (IoT) applications requiring medium to long range connectivity. The operation in an unlicensed band opens the opportunity to establish ad-hoc networks and Point-to-Point (P2P) connections, avoiding significant network infrastructure investments or subscription costs. We here evaluate the behaviour of the LoRa physical layer with low-height terminals enabling such deployments. Measurements were performed in significantly varied environments: urban, coastal and densely forested. Several studies have considered Long Range Wide Area Network (LoRaWAN) network coverage and network performance [1, 2, 3] . We here focus on LoRa P2P in outdoor environments, leveraging on a LoRa concentrator mounted at a height of approximately 1.5 m, while a LoRaWAN gateway is typically placed high above ground.
II. LORA P2P SYSTEM AND SET-UP
In respect to the OSI model, LoRa is the physical layer and LoRaWAN extends to the datalink and the network layer. Long range connections are achieved by exploiting a coding gain originating from the used spread spectrum technique of the LoRa modulation. The coding gain is proportional to the SF. By increasing the SF, the range can be extended due to the lowered signal-to-noise ratio (SNR) and RSS demodulation floor. Reducing the spreading factor results in a lower time on air. Thereby, allowing to tradeoff range and power consumption. Employing just the LoRa PHY layer to create P2P networks offers some distinct advantages over utilizing LoRaWAN. Expensive gateways and back-ends can be avoided, specific frequency bands can be assigned to specific devices thus mitigating interference. In its simplest form, the devices can be configured to send-andforget allowing for straightforward setup if the application is already developed. This yields power improvements and lower device expenditure. Additionally, devices do not need to be registered to a network prior to sending packets, contrary to a deployment in a LoRaWAN. As the LoRaWAN specification [4] is not implemented, LoRa P2P devices can exploit channel 6 otherwise used by LoRaWAN gateways for downlink communication. The high duty cycle and a higher allowed transmit power is sometimes favorable over the other available channels. Furthermore, LoRaWAN gateways make use of IQ reversal to mitigate interference between uplink and downlink communication. As a consequence, deploying P2P devices operating in channel 6 should be subjected to less interference in the presence of LoRaWAN networks. To be complete, the permitted airtime may exceed the duty cycle limit when applying Listen Before Talk (LBT) and Adaptive Frequency Agility (AFA), but this will yield a higher power consumption.
We examined the point-to-point LoRa links based on our inhouse developed platform hosting the popular SX1276 [5] transceiver. The measurements were conducted with three stationary transmitters locked to each transmit at a specific SF, respectively SF7, SF9 and SF12. They are positioned horizontally at a distance of 2λ relative to each other to mitigate antenna coupling, at approximately 1.5 m above ground. The portable receivers log both the received RF parameters and the corresponding position. 
III. RESULTS OF THE FIELD TRIALS
The RSS with respect to the Tx-Rx separation distance is illustrated in Figure 1 for the urban environment, where we have gathered 10 947 data points. The measurement campaigns conducted in the coastal and forested terrain resulted in 11 017 and 4 274 measurements, respectively. A geographical representation of the RSS and SNR measurements is constructed by means of heatmaps and shown in Figure 2 . Quasi Fixed Average SNR due to the Spread Spectrum Technique: The heatmaps in Figure 2 demonstrate the impact of utilizing the adaptive spread spectrum technique. The SNR is boosted by increasing the SF. In addition to improving the SNR, the sensitivity is increased yielding a higher link budget. However, transmitting with a higher SF will not result in a higher RSS. Hence, the SNR does not decrease to the same degree as the RSS with increased distance. Even in the urban scenario, a good average SNR, w.r.t the demodulation floor, is measured despite the low received signal strength. This validates the applicability of LoRa P2P in these scenario's. The Range Is Limited by the RSS: The experimental results indicate that the range is mainly limited by the RSS demodulation floor rather than the SNR. The transmit power, coding rate, spreading factor and other parameters will determine the maximum coverage. In our experiment, the coding rate and transmit power were constant and the noise is considered fixed. As a consequence, the largest coverage is obtained by employing the largest SF, i.e. SF12. The measurements show that the RSS sensitivity is reached before the SNR sensitivity for SF12. This confirms that the range is constrained by the RSS. Long Range P2P links Are Possible with Low-Height Terminals: The coastal terrain clearly illustrates the favorable effect of a line-of-sight connection. The combination of lineof-sight and utilizing SF12 results in a coverage of over 4 km; even with low-height terminals. Despite the unfavorable RF properties of the urban scenario and the densely forested terrain, a maximum range of 1 km is still achieved.
IV. CONCLUSIONS & FUTURE WORK
In this paper we have reported on our study of LoRa P2P links to offer medium to long range IoT connectivity with easy and low cost communication infrastructure. We reported on the field trials in urban, coastal, and forest environments. The measurement data 1 as well as the developed hardware and software 2 are available open-source. The resulting heatmaps demonstrate that a coverage up to 1 km coverage is reached on obstructed urban links, while this extends to 4 km in an open environment when transmitting at 20 dBm with transceivers at only 1.5 m height. This confirms LoRa is a valuable technology for many IoT use cases. Especially in the context of farming, environmental monitoring, and logistics (e.g. in ports), where Low Power Wide Area Network (LPWAN) coverage is often lacking, connectivity may hence be established with low investment and no subscription costs. Next, we will derive a path loss model for LoRa P2P connectivity with low-height terminals at both sides of the link. We anticipate a parametrizable model to represent different communication environments and to be used to assess other transmission schemes in the considered 868 MHz band. This model could help both communication system designers and radio planning engineers in the future.
